A global noise protective solution, based on the idea of virtual acoustic corridors, dedicated to industrial areas, is investigated. Research studies on decentralized ANC system with several secondary sources and error sensors are performed in the KOMAG Institute of Mining Technology. The models of the electro-acoustic paths are obtained through dynamical systems identification. Experimental results from the proposed active noise reduction system are presented, based on recorded noise signals from the Rybnik Power Plant. Finally, effectiveness and usefulness of hearing protection of such a global system are verified.
INTRODUCTION
Active Noise Control (ANC) methods can be successfully used to reduce noise without affecting a technological process and noise generating machines [1] , [2] . The main difficulty in implementation of ANC methods is the environmental medium dynamics (springiness, delay). ANC works best at low-frequency range [3] . At higher frequencies, created zones of quiet are smaller, since their dimension decreases inversely proportionally to the frequency of reduced noise [4] .
There is increased demand for ANC applications for noise reduction. Personal active hearing protectors have already been known, but they are not best suited for all industrial areas [1] . Global active noise reduction systems, on the other hand, are very rarely used in industrial practice, because of high cost of realisation and complications in their implementation.
The KOMAG Institute of Mining Technology has undertaken research projects on effective implementation of global active noise reduction systems in the industry, with particular focus on turbogenerator halls (generating most of the noise) in Polish coal power plants. This work is part of the research project "A hybrid method of sound reduction, coming from the power turbines", supported by the Polish National Science Centre.
For an industrial environment, modular solutions are often required. Considering that and taking into account possible nonstationarity of noise and its impact on the primary and secondary paths of noise propagation, ANC systems are often implemented as feedback adaptive systems [5] , [6] , [7] , [8] .
The filtered-x least mean square (FxLMS) algorithm is the most commonly used adaptive algorithm for ANC [6] , [8] . The presence of nonlinearities in the ANC system degrades the noise cancelation performance of FxLMS-algorithm [6] . Nonlinearity is a concern in ANC applications where low-cost devices such as amplifiers, sensors and actuators exhibit nonlinear distortion [7] . In those cases solutions such as Volterra FxLMS algorithm, Bilinear FxLMS algorithm, filtered-s LMS algorithm, FLANN family of algorithms (based on artificial neural networks) or convex combination of algorithm, are used [6] , [7] , [8] . Such solutions are more computationally demanding than FxLMS and have not been used in the solution presented in this paper.
Classical multidimensional ANC systems are hard to design for creating large zone of quiet, due to their complexity in control and physical realisation, especially in industrial environments. It is possible to simplify such systems using decentralized ANC solutions [5] , [8] , [9] , [10] , [11] , [12] .
Recent achievements in the field of decentralized ANC systems are, for example, analog decentralized system [12] , network of distributed centralized acoustic systems (nodes) [5] , decentralized systems using artificial neural network weighting algorithm [8] , decentralized system based on the leaky filtered-x LMS algorithm [11] , panels for reduction of sound transmission based on decentralized vibration control units, etc. [9] , [10] .
THE IDEA OF THE INDUSTRIAL NOISE PROTECTION SYSTEM
The process of designing global active noise protection system requires in an early stage to assess possibility of placing an adequate number of sensors and actuators as well as bunch of cables and necessary electronics within the plant area. There are some facilities, where internal regulations do not allow for substantial interference in the structure of devices located in the industrial hall. Often, it could lead to additional risks, such as fire or could restrict access to important areas, passages, etc.
Trying to provide acceptable levels of active reduction in a 3D enclosure, a digital algorithm should work with a sampling frequency high enough to control the frequency components, that noise signal contains. It is necessary to remember that increasing the sampling frequency in an active noise reduction digital system results in reducing the zones of quiet, but allows to control a broader frequency range and simplifies implementation of anti-aliasing filters.
If environmental conditions permit, i.e. humidity and temperature are not too high and there is no dust, it is justified to use speakers as secondary sources instead of vibrating plates. From a practical point of view, it is convenient to use active speakers, because high power control signals should not be transmitted using too long cables.
Due to the inability to construct a classical multidimensional ANC system, a decentralized solution has been used [11] . Such a system has significantly lower complexity than a multidimensional ANC system. Instead of using a multiplechannel ANC system in an industrial area of large dimension, the idea is to divide the area into narrow corridors and use a set of one-dimensional ANC systems as a solution. Each of these systems should meet the local goal, i.e. to produce small zone of quiet in the specified 3D location. What is important, the designer has to ensure that the local control systems are localised in the way, that they do not affect each other. The problem of interaction between independent single channel ANC systems is not part of this work.
It is assumed that the plant machinery works without failure most of the time, and therefore staff members, who are in the industry hall, move along designated communication paths (Fig. 1 ). The aim is therefore to produce a virtual acoustic corridor by placing the set of one-dimensional, independent, single-input singleoutput (SISO) ANC systems along the selected communication paths in a way to obtain slightly overlapping zones of quiet. The advantage of this approach is relative easiness of system upgrade (modular solution).
In order not to disturb the staff during their job, the secondary source (from a single, one-dimensional ANC system) should be mounted at a height of 2.5m or Studies on the Effectiveness of Noise Protection for an Enclosed Industrial Area using Global Active Noise Reduction Systems higher and directed towards the ground. It is necessary to place a microphone under each of the secondary source, at a height of about 2m to monitor the level of local noise reduction. The zones of quiet will be created around these microphones, which lead to creating a continuous zone (approximately) -virtual acoustic corridor (Fig. 2) .
The zone of quiet should cover all of the most often used communication paths. The authors have not come across work on practical industrial application of the idea of a virtual acoustic corridor and therefore they treat the presented work as a novelty.
THE INDEPENDENT SISO CONTROL SYSTEMS
The essential requirement for an ANC system is that the secondary source should generate coherent waves of the same amplitude as primary source (the noise source), but phase shifted by 180 degrees. The coherent waves have the same phase shift for all frequencies [13] .
The use of feedforward control structures instead of feedback ones usually allows to achieve higher levels of noise reduction [2] . With a large number of noise sources in the turbogenerators hall and a possible complication of acoustic passages, the use of feedforward systems in that enclosed industrial area is hardly realistic. In addition to the physical limitations, the problem lies in difficulty of further system development (modular aspects).
Considering the above, taking into account possible nonstationarity of the noise and the impact of moving staff on the primary and secondary paths of noise propagation, the ANC system should be implemented as a feedback adaptive system.
Classical feedback ANC systems are also hard to implement, because it is difficult to design a properly working ANC feedback controller in practice. Frequently used modifications are to design the controller using methods of feedforward systems. An example of that kind of realisation is Internal Model Control structure (IMC), shown in Fig. 3 , where W(z) -control filter, S(z)secondary path, S^(z) -model of the secondary path, d(i) -noise, e(i) -reduced noise, i -discrete time.
A great advantage of adaptive systems is their ability to move the zone of quiet to a desired location, and become independent of nonstationarity of the noise. Modified (FXLMS) adaptive feedback system in the IMC structure is presented in Fig. 4 . The modification has been introduced due to the problems caused by the secondary path model during the control filter adaptation process.
The least mean squares (LMS) algorithm is often used for adaptation of electroacoustic paths models in ANC systems. This algorithm is not computationally complicated and guarantees convergence of the adapted filters. Thus, it is very often used, when filters are modelled as FIR, the type used in the suggested solution. The parameter adaptation process using normalized LMS algorithm is presented as: Figure 3 . The IMC structure [14] . Figure 4 . The adaptive IMC structure (FxLMS) [14] .
where:
-vector of parameters estimation in the i step; -variable adaptation coefficient; -data vector; ε(i) -modeling error with interference taken into account.
EXPERIMENTS
A flowchart describing the experimental phase is presented in Fig. 5 .
Preliminary experiments
For purposes of the ANC system simulation, it is necessary to properly evaluate the level of reduction at points other than the location of microphone (to be able to visualise the size of the zone of quiet). To do that, it is also necessary to have knowledge about electro-acoustic paths models between the secondary source and the selected points in 3D enclosure. Such models have been obtained during experiments in a testing hall of the KOMAG Institute of Mining Technology through a process of identification.
The time-domain noise signal has been recorded in the turbogenerators hall of the Rybnik Power Plant. Power spectral density of the signal is shown in Fig. 6 . Scaling by a threshold pressure and weighting by an A-weighting curve is not performed, because the intention is to present the signal in its raw form, as the control algorithm processes it. Most of the time the sound is stationary, but any damage to the machinery, switching the turbogenerators on and off, the impact from other halls (lack of acoustic isolation) and staff presence cause its nonstationarity.
The speaker (secondary source) was mounted at 3 locations: at a height of 2.5m, 2.85m and 3.20m from the ground and directed towards the ground (Fig. 7) .
Localisation of the measurement microphone was variable. Six planes were selected for the measurements at different heights, from 2.0m to the ground spaced by 0.5m and 0.35m. In each measurement plane, the microphone was placed in 25 positions (5 × 5 grid). Subsequent positions were spaced by 0.35m in both directions, horizontal and vertical on the plane. During each measurement, the microphone recorded sound pressure signal caused by the speaker. The speaker generated an artificially designed multisine signal [15] , [16] . The above technique was used to create a 3D matrix area of measures and for creating sound path models for further simulation. Offline instrumental variable method was used for parameters estimation [15] . The electro-acoustic paths were estimated for each of the three locations of the speaker.
Studies on the Effectiveness of Noise Protection for an Enclosed Industrial Area using Global Active Noise Reduction Systems

JOURNAL OF LOW FREQUENCY NOISE, VIBRATION AND ACTIVE CONTROL 14
Main experiments
The main tests were conducted in order to determine the best possible speaker position, control filter order, sampling frequency, and consequently the level of reduction and the size of the zones of quiet. Numerical results from these experiments are presented in Tables I-III. For the first set of experiments only location of the control speaker has been changed, sampling frequency and control filter order are set to constant values (Table I) . For the second set of experiments only control filter order has been (Table II) , and for the third set of experiments only sampling frequency has been changed (Table III) . Figures 8 and 9 show the control results and visualization of the zone of quiet after a single ANC simulation experiment. Parameters of the simulation are given in the captions of figures.
H [m]
2.50
Reduction level [dB]
The zone of quiet, obtained during each experiment has a shape similar to a sphere, and therefore the estimation of the radius of the sphere is enough to assess its size. The symbols used are:
• Fs -sampling frequency;
• α -NLMS adaptation coefficient;
• dW -control filter order;
• H -control speaker height of attachment, measured from the ground level. Figure 9 . The visualisation of the local zone of quiet obtained through simulation of adaptive ANC system in the IMC structure, parameterized as follows: Fs = 25kHz, dW = 128, α = 0.005. The noise signal is limited by a band-pass filtration to the range 3600-3900 Hz (FIR 512). 
CONCLUSIONS
An analysis of the effectiveness of global ANC systems for an enclosed industrial area has been presented in the paper. The procedure of implementation of such systems has been described. The presented concept of virtual acoustic corridors seems to be one of the very few ways to implement a global ANC system in industrial hall areas. The presented ANC solution is versatile, it can be implemented in a similar way in any industrial environment, apart from the one indicated in the paper. The simulations of the proposed ANC system, with emphasis on the selection of best position of the control speaker and different simulation parameters were carried out taking into account the most accurate representation of the plant acoustic environment. Size of the zone of quiet strongly depends on sampling frequency and localisation of control speaker, but the control filter order has low impact on it. It is necessary to extend the research in the future, with better quality control speaker, to control all the dominant components of the noise, even the one below 40 Hz.
